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O
bstructive sleep apnea hypopnea syndrome (OSAHS) is a sleep breathing disorder characterized by recurrent airflow obstruction caused by a total or partial collapse of the upper airway. 1 Cardiovascular and neuropsychologic morbidity has been demonstrated in untreated sleep apnea. [2] [3] [4] This morbidity, plus a tendency toward an increased risk of auto accidents and a relatively increased mortality, make treatment imperative. 4 At present, the "gold standard" for a definitive diagnosis of OSAHS is inlaboratory polysomnography. However, this approach has its limitations: polysomnography is expensive, time consuming, and labor intensive. Oximetry has been one of the more popular American Academy of Sleep Medicine type 4 monitoring techniques used in attempts at screening for sleep apnea in the home. Oxyhemoglobin indexes from pulse oximetry have been used to screen and predict sleep apneahypopnea severity. 5 Not all respiratory events are accompanied by oxyhemoglobin desaturation, 6 and Original Research SLEEP MEDICINE this is one of the major limitations of pulse oximetry. For its ease of application, pulse oximetry with more sensitivity indexes could be an effective tool to use clinically.
The lack of airflow during apneic or hypopnea periods may lead to recurrent episodes of hypoxemia that can be detected on oxyhemoglobin as fluctuations in oxyhemoglobin saturation by pulse oximetry (Spo 2 ). 7 Three kinds of oxyhemoglobin indexes are available to measure this irregular fluctuation, including the oxyhemoglobin desaturation index (ODI), time-domain index, and frequency-domain index proposed previously. 8 -18 Although these quantitative indexes appear to hold more promise than the visual inspection of nocturnal home pulse oximetry, there has been no systematic comparison of their relative utility in the diagnosis of OSAHS. Thus, the applicability of these indexes to the general population remains uncertain. 19 The objective of this study was to comprehensively evaluate the ability and reliability of the representative previously proposed indexes to verify whether or not pulse oximetry can reduce sleep laboratory efforts to diagnose the severity of OSAHS, using an automated digital analysis.
Materials and Methods

Study Subjects
Patients with a diagnosis of OSAHS by standard polysomnography were recruited from China Medical University Hospital Centre. The subjects in the learning set (257 patients) were enrolled from January 2004 to December 2004, and those in the validation set (279 patients) were collected from January 2005 to December 2005. Clinical data were collected retrospectively. Table 1 shows the clinical features and polysomnographic results. All subjects were assessed with the Epworth sleepiness scale before polysomnography. Apneas were classified as central when there was no airflow and no respiratory movement. Periodic limb movements were scored with the periodic, jerking leg movements by bilateral leg electromyograms. Periodic limb movement disorder was defined as periodic limb movements Ͼ 5/h. Inclusion criteria were age Ͼ 16 years and a diagnosis of OSAHS with apnea-hypopnea index (AHI) Ͼ 5/h. Exclusion criteria were COPD, chronic chest wall disease, and a total recording time of Ͻ 3 h. The study was approved by the Medical Research Ethics Committee of the China Medical University Hospital. The study number is DMR 96-IRB-17.
Polysomnography
Polysomnography data were recorded using a computerized polysomnographic system (Alice 4; Healthdyne Technologies; Atlanta, GA). The purchase date was September 21, 2001 , and the firmware version was Alice Host 1.8.03 (Healthdyne Technologies). This system included a standardized montage: twochannel EEGs (C4/A1, C3/A2), bilateral electro-oculograms, submental electromyogram, bilateral leg electromyograms, and ECG. Spo 2 was recorded using a finger probe (935 Oximeter Sensor; Respironics; Murrysville, PA). The sampling rate of the oximetry was 1 Hz. For pulse rates Ͻ 112 beats/min, the averaging calculation is based on a four-beat exponential average for Spo 2 . For pulse rates Ͼ 112 beats/min, the averaging is doubled and then redoubled Ͼ 225 beats/min. Airflow was measured using oronasal pressure (1287 nasal flow, PTAF 2; Pro-Tech; Pittsburgh, PA), and respiratory effort was assessed by inductance plethysmography (3240 chest effort sensor adult; Respironics). The stored data were digitized for computer analysis by data analysis software (Matlab; MathWorks Inc; Natick, MA). Artifacts were removed by eliminating all changes of oxygen saturation between consecutive sampling intervals of Ͼ 4%/s, and any oxygen saturation Ͻ 50% by an automated algorithm. 5 The raw data were reviewed by an experienced doctor and scored by a sleep technician certified by the Taiwan Sleep Medicine Society separately. Sleep stages were scored according to the criteria of Rechtschaffen and Kales. 20 Arousals were defined as episodes lasting Ն 3 s in which there was a return of ␣ activity associated with a discernible increase in electromyogram activity. Apnea was defined as a cessation of oronasal airflow for a minimum of 10 s. Hypopnea was defined as a reduction of oronasal airflow to Յ 50% of the value prevailing during a preceding period of normal breathing, for at least 10 s, and associated with 4% oxyhemoglobin desaturation and (or) EEG arousal. 20, 21 
Methods
The ODIs include three components, a certain threshold, baseline parameter, and lasting time parameter: ODI(n)_(baseline parameter)_(lasting time parameter). The ODI calculated the amount of oxyhemoglobin desaturation below a certain threshold; when n ϭ 3 indicated a 3% decline from baseline, and n ϭ 4 indicated a 4% decline from the baseline. The three different baseline definitions were a mean of all-night oxygen; a mean of the first 3 min of overnight oxygen recording 10 ; and a mean of the top 20% of oxyhemoglobin saturation values over the 1 min preceding the scanned oxyhemoglobin value. 8, 9 The definition of lasting time parameters was that the oxyhemoglobin desaturation had to continue for more than a certain criterion period. We tested three different lasting time parameters, including 1 s, 3 s, and 5 s. 8, 11, 12 Finally, the ODI was the total oxyhemoglobin desaturation counts divided by the total recording time (in hours).
The four time-domain indexes were minimal or mean nocturnal Spo 2 , 13-15 cumulative time spent Ͻ 90% or Ͻ 80%, 5, 11, [13] [14] [15] threshold and fall index in Spo 2 to Յ 90%, 16 and the delta index (⌬Index). The ⌬Index measured the average of absolute differences of Spo 2 between successive 12-s intervals. 5, 13 The key idea of frequency-domain index was if a peak in the spectrum between the period boundaries 30 s and 70 s was observed, the subject was considered an OSAHS subject. However, if the peak of 30-to 70-s periods from the spectrum was absent, the subject was considered normal. The four indexes (the total area of the periodogram, the ratio of the area enclosed in the periodogram within the period 30 to 70 s [S30 -70], the S30 -70 with respect to the total area of the periodogram, and the peak amplitude of the periodogram in the period 30 to 70 s) were obtained as shown in Figure 1 , 17, 18 where the periodogram is an estimate of the power spectral density of a signal. A detailed description of the frequency-domain indexes can be seen in the Appendix.
In order to realize these indexes for the prediction of the severity of OSHAS, oximetry indexes first analyzed the accuracy and reliability of the detection of OSAHS. Based on the best SEE between AHI and the ODI, time-domain index, and frequencydomain index, we analyzed the sensitivity and specificity of the diagnosis of moderate (AHI Ն 15/h) and severe (AHI Ն 30/h) OSAHS patients. In presenting the results, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were all reported. A receiver operating characteristic (ROC) curve was constructed, and the area under the ROC curve (AUC) was calculated. ROC analysis related sensitivity and 1 Ϫ specificity. For the ROC curve, the point with the largest sum of sensitivity and specificity was chosen as a threshold. Differences in means of continuous variables were assessed with a Student t test. All data are reported as mean Ϯ SD. A two-tailed value of p Ͻ 0.05 was considered significant.
Results
From polysomnography, in the learning set, AHI Ն 15/h was confirmed in 206 of 257 patients (80.2%) and AHI Ͼ 30/h in 139 of 257 patients (54.1%). ODI indexes had a better diagnostic performance than time-domain and frequency-domain indexes. Figures 3 shows the ROC curves when the oxyhemoglobin index was ODI3_1M20P_3, ⌬Index, and S30 -70 , respectively, at different OSAHS thresholds. In the group with AHI Ն 30/h, the AUC of ODI3_1M20P_3, ⌬Index, and S30 -70 were 0.95, 0.94, and 0.91, respectively. In AHI Ն 15/h, the AUC of these three indexes were 0.90, 0.87, and 0.84. The results showed that performance was better for all three kinds of oxyhemoglobin indexes when the OSAHS threshold was AHI Ն 30/h, and also showed that the ODI indexes had a better performance than the time-domain and frequencydomain indexes. The results between the validation set and the learning set were coincident, as shown in Tables 4, 5 . In the validation set, ODI indexes still had a better performance than the time-domain and frequencydomain indexes. In the group with AHI Ն 30/h, the AUC of ODI3_1M20P_3, ⌬Index, and S30 -70 are 0.94, 0.93, and 0.90, respectively. In AHI Ն 15/h, the AUCs of these three indexes are 0.90, 0.89, and 0.83. The diagnostic performance was also better when the OSAHS threshold was AHI Ն 30/h than AHI Ն 15/h for all three kinds of oxyhemoglobin indexes. Tables 4, 5 show the AUC and the optimal cutoff of the ROC curve at different OSAHS thresholds in the learning set and validation set.
Discussion
Polysomnography is the "gold standard" for a definitive diagnosis of OSAHS. Pulse oximetry has also been proposed as a useful diagnostic and screening tool for OSAHS in previous studies. 8 -18 We analyzed 28 oxyhemoglobin indexes for predicting the severity of OSAHS automatically, and compared the differences of the ODI, time-domain index, and frequency-domain index. The results indicated that the ODI indexes have a significantly stronger correlation and a better diagnostic performance than others. Spo 2 data were collected as part of a standard laboratory polysomnography, and this signal could be obtained by the pulse oximetry. Therefore, pulse oximetry could reduce sleep laboratory efforts to screen more severe OSAHS with ODI. Using the oxyhemoglobin desaturation indexes, the baseline parameter could improve the predicted performance. The reason why ODI had a better diagnostic performance was that ODI was calculated by local relative fragmentation. Every saturation sequence was checked, and the baseline was adapted for different moments. Most authors 5, [11] [12] [13] [14] [15] [16] 22 have not given a baseline definition of ODI features in their studies. Gyulay et al 10 reported in a patient with AHI Ն 15/h that ODI3 had a sensitivity of 51.0% when the baseline definition was the mean of the first 3 min of recording only. Vazquez et al 8 found that the top 20% of Spo 2 values over the 5 min preceding the scanned value can yield a higher correlation 0.97, and Chiner et al 9 showed that mean saturation in the previous 1 min can yield a higher sensitivity and specificity of 63.0% and 96.0%. Based on these data and ours, the baseline parameter defined as the upper percentage of the moving window average could improve the diagnostic performance with ODI. However, the lasting parameter, of which Vazquez et al 8 required at least three consecutive falls in recorded Spo 2 readings, and Teramoto et al 12 reported drops in Spo 2 lasting at least Ͼ 5 s, did not improve the predicted effect in our study. This meant most oxyhemoglobin desaturation was at least Ͼ 5 s.
In the time-domain indexes, the ⌬Index is more correlated with AHI than other time-domain indexes. Almost all of the time-domain indexes were calculated by the global absolute value. The ⌬Index had a better diagnostic performance among timedomain indexes because this index was calculated by local difference, but the drawback was the fixed window size and nonoverlapping window way. Levy et al 13 and Magalang et al 5 reported that the correlation between the ⌬Index and AHI was 0.72 and 0.77, which is less than the 0.84 of our study. The difference may be due to the different population in terms of age and greater obesity in their study (age, 56.0 years and 48.9 years vs our 42.7 years; and body mass index, 32.0 kg/m 2 and 32.3 kg/m 2 vs our 26.3 kg/m 2 ). The frequency-domain indexes did not correlate with AHI more than ODI did. The drawback of the frequency-domain indexes was that they were only calculated by a global absolute value, so they could not present the respiratory event precisely. The higher correlation in the study by Zamarron et al 17, 18 was 0.74, sensitivity was 94.0%, and specificity was 65.0% on AHI Ն 10/h, which was better than in our study. However, the AHI of the OSAHS and non-OSAHS groups in the study by Zamarron et al 17, 18 were quite different: 40.1 Ϯ 23.0/h and 2.2 Ϯ 2.7/h, respectively.
There are several limitations to this study. First, the selected OSAHS threshold for the subjects may have affected the sensitivity and specificity results. As seen in Tables 4, 5 , ODI indexes had a larger AUC when the OSAHS threshold was from AHI Ն 15/h to AHI Ն 30/h. The reason for this is that when AHI was lower, such as Ͻ 20/h, the difference in the oximetry indexes was relatively smaller, as seen in Figure 2 . Second, not all of the respiratory events were accompanied by oxyhemoglobin desaturation: 78.0% of apneas and 54.0% of hypopneas caused desaturation, 6 which generated a false-negative error. In addition, oxyhemoglobin desaturation drops during the night were not always consistent with respiratory events, which generated a falsepositive error. The number and duration of drops were influenced by many factors, including incorrect placement of the probe, contact problems with the probe, and line trouble in the pulse oximetry and body movements, which created artifacts in the Spo 2 . We used an artifact-free recording time to do digital processing, but we could not guarantee all of the artifacts were handled. One way to improve this problem was to increase the pulse oximetry sampling rate, such as using 10 to 25 Hz for the next steps. 23 Third, the oximetry signal alone could not determine whether the subject was sleeping or not because the oxyhemoglobin indexes were obtained from the total recording time, not the total sleeping time. Hence, if the sleep efficiency of the subject was low, the error between the oxyhemoglobin indexes and AHI would increase. Therefore, if this method is to be applied to clinical practice, it would be better to measure the nocturnal Spo 2 at least two times. 24, 25 In conclusion, we analyzed 28 representative oxyhemoglobin indexes totally to predict the presence and severity of OSAHS. This study provided a systematic comparison of the relative utility of these quantitative indexes in the diagnosis of OSAHS with large number of subjects. The results revealed that the ODI index is a more appropriate index than the time-domain and frequency-domain indexes and provides a high-level diagnostic performance. Clinically, pulse oximetry could be a helpful abbreviated testing modality for moderateto-severe OSAHS.
Appendix: Calculation of Frequency-Domain Indexes
The key idea of frequency-domain indexes is that if a peak in the spectrum between the period boundaries 30 s and 70 s is observed, the subject is considered as an OSAHS subject. 17, 18 However, if the peak of 30-to 70s periods from the spectrum is absent, the subject is considered as normal. The spectrum was calculated by the Fast-Fourier transformation (FFT) method. FFT of the signal inherently assumes that the data we have are a single period of a periodically repeating waveform with an infinite number of samples; however, we had a finite number of samples of a signal that was randomly cut between two points in time. This originates an artifact known as spectral leakage, which is due to the discontinuities that appear at the beginning and the end of the signal. To avoid spectral leakage, Spo 2 was windowed by initially multiplying it by a Hamming window. The Hamming window is shown as follows: w[n] ϭ 0.54 Ϫ 0.46 cos(2n/N) for n ϭ 1,2,3, . . . , N Ϫ 1 Then the power spectrum was analyzed using the FFT of the Hamming-windowed signal. Power spectra show the power density or squared magnitude of the amplitude in each of the frequency components of the signal in the bandwidth defined by the interval:
fmin ϭ ⌬f ϭ fs/N fmax ϭ 1/fs where fmin is the lower frequency boundary, f max is the upper frequency boundary, ⌬f is the frequency resolution, fs is the frequency of sampling, and N is the total number of points sampled. The periodogram was obtained by substituting frequency with period in the spectrum.
T(s) ϭ 1/frequency (Hz)
The four indexes in the periodogram 30 to 70 s (the total area of the periodogram, S30 -70, the S30 -70 with respect to the total area of the periodogram, and the peak amplitude of the periodogram in the period 30 to 70s) were obtained as shown in Figure  1 , top, A.
